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This paper reports the discovery of a universal Z2-dependency of the binding energy of the homonucleus 
K-shell MIMS (K-MIMS: Metastable Innershell Molecular State bound by K-shell electrons), which has 
been established by analyzing extensive existing experimental data over several decades. An intuitive 
analytical theory on the K-MIMS has been developed for the homologous molecules to the He2∗
excimer, which elucidates the universal Z-dependent behavior of the K-MIMS. The theory predicts a 
1/Z-dependency of the K-MIMS bond length, which is in agreement with the quasimolecule sizes 
estimated from the x-ray generation cross-sections in H-like Bi82+ and U91+ impact on Au solids.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The investigation of matters under extreme conditions, High 
Energy Density Materials (HEDM), as in planetary or stellar inte-
riors poses a research frontier in a wide range of scientiﬁc and 
technological ﬁelds [1–7]. Recently, there have been extensive re-
searches on Warm Dense Matter (WDM), which is expected to 
exist in the cores of some large planets, in the inertial conﬁnement 
fusion, and other systems that start as solids and are heated to be-
come plasmas [8]. Theoretical studies have predicted HEDMs and 
WDMs may have rich quantum many-body characteristics [4–6], 
including that metals may become insulators at high pressures [5,
6,9].
In particular, theoretical Hugoniot curves for shock compression 
at pressures above 100 Mbar (10 TPa) of various materials show 
strong innershell ionization effects [10,11]. The results predict that 
signiﬁcant portions of the shock energy can be transformed into 
innershell ionization energy via pressure ionization upon shock 
compression [12]. Thus, if there are many-body effects, such as 
molecular effects that involve innershell electrons, in the matter 
under extreme conditions, such highly shocked matter could pro-
vide a fertile ground for their scientiﬁc investigation as well as 
technological utilization of HEDM and WDM.
In the early 1990s, to search for such many-body effects, the 
author and his colleagues generated and studied the highly shock-
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bio and water nanoparticle at hypervelocities (v ∼ 100 km/s) on 
various targets at Brookhaven National Lab (BNL) [13,14]. In our 
study, anomalous signals were discovered, when the nanoparticles 
were directly impacted on and detected by Si particle detectors 
that had windows suﬃciently thick enough to block the penetra-
tion of the nanoparticles completely. By exploiting the discovered 
anomalous signals, the feasibility of generating highly compressed 
matter at “stellar” pressures on the order of 10 TPa (100 Mbar) 
with the nanoparticle impact in a non-destructive laboratory setup 
was proven [13,14]. However, the nature and physics of the signals 
had not been understood for 15 years.
In 2008, the author reanalyzed the BNL data and concluded 
that the anomalous signals resulted from superradiant soft x-ray 
photons and that the conversion eﬃciency of the nanoparticle 
kinetic energy to photon energy was as high as ∼38% [15]. To 
explain such a high photon conversion eﬃciency in nanoparticle
hypervelocity impact, the author proposed the existence of a 
high-energy transient molecule bound by innershell electrons and 
named it Metastable Innershell Molecular State (MIMS), and the 
ampliﬁcation of radiative decay from the collective decay of the 
MIMS via the Dicke Superradiance mechanism [15,16]. More im-
portantly, the “electronically-cold” compression generated by the 
nanoparticle impact was discovered to be extremely eﬃcient in 
exciting/ionizing atoms via pressure ionization. These observations 
led us to conclude also that the innershell holes survive the rapid 
collisional quenching process in the extreme environment by form-
ing MIMS, and thus that MIMS formation is crucial to the eﬃcient 
transformation of atomic excitation/ionization energy into radia-
tion [15,16].under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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buckyball ions (C60+) impacting on an Al target in an indepen-
dent tabletop apparatus [17], and proposed a model for the MIMS. 
In the model, the MIMS is described by a high energy rare-gas 
excimer-like molecule bound by innershell electrons. Based on the 
model, the author predicted that virtually all elements in periodic 
table are subjected to the MIMS formation [17].
In the preceding paper [18], the author reported that the MIMS 
model was further extended and successfully applied to the inter-
pretation of the anomalous satellites in the K-shell x-ray spectra 
generated in heavy ion impact on various targets with the ion ki-
netic energy on the order of 10 MeV. The K-shell satellite intensity 
distribution was statistically (or thermodynamically) analyzed in 
terms of dynamic interaction between vibrational states and ion-
ization channels via phonons [18]. The analysis resulted in the de-
termination of the binding energies of the K-shell MIMS (K-MIMS) 
of various selected elements, from Al to Ti (13 ≤ Z ≤ 22), and the 
binding energies were in the range of 80–200 eV. Furthermore, 
the MIMS binding energies obtained with the statistical analysis 
showed that the full width of the K-shell satellite distribution can 
approximate the binding energies of K-MIMS. This conclusion per-
mitted extraction of binding energies of K-MIMS from a wide range 
of K-shell x-ray spectra reported by several groups, most of which 
had unresolved satellite structures because of the spectrometer 
resolution limit [18].
The present paper reports the discovery of a universal Z2-
dependency of the K-MIMS binding energy that was established 
by analyzing extensive existing experimental data, where Z is 
the atomic number of the constituent atom. The paper also 
presents an intuitive analytical theory that illuminates the uni-
versal Z -dependent behavior of K-MIMS and predicts a 1/Z de-
pendency of the K-MIMS bond length.
2. Metastable Innershell Molecular State (MIMS)
This section brieﬂy reviews the general concepts of MIMS, 
which is a transient molecule with an ultra-high binding energy 
that is orders of magnitude larger than that of typical molecules. 
The existence of high energy quasimolecules in highly compressed 
matter (or strongly coupled plasma) was theoretically investi-
gated since the late 1980s. With the ab initio quantum calculation 
Younger et al. found that upon high compression an ensemble 
of He atoms may form tightly bound quasimolecular states [19]. 
In 2008, Winterberg conjectured an existence of innershell-bound 
“keV” molecules at pressures on the order of 100 Mbar (10 TPa) 
and super-intense x-ray radiations during their transition from 
atomic states to molecular states [20].
In the ﬁeld of x-ray generation by heavy ion impact on solids, 
the search for the manifestation of the innershell-bound quasi-
molecules in the x-ray generating scattering process can be traced 
down to the work by Mott in the 1930s [21]. However, the ac-
tual experimental searches for such effects of the quasimolecule 
in x-ray generation in heavy ion impact started much later, in the 
1970s [22]. One of the primary motivations of these researches was 
to explore a super-heavy quasimolecule/quasiatom with a com-
bined atomic number exceeding 100, which was predicted to be-
have like a transuranium atom in the united atom frame [22].
In the early heavy ion collision researches, the cross-sections 
for carbon K x-ray production were measured for a wide range of 
ions incident on a carbon target, at energies 20 to 80 keV [23]. The 
carbon Kα x-ray generation cross sections for the heavy ions, such 
as Ar+ and Xe+, were discovered to be several orders of magni-
tude larger than those by light ions, such as H+ and He+, which 
were consistent with the values predicted by the direct Coulomb 
scattering theory [23]. The anomalous cross sections for heavy ions 
were qualitatively interpreted in terms of the electron-promotion mechanism of the molecular orbital theory [24]. In the preceding 
paper [18], the author proposed that the production of the shocked 
regions that are able to bear abundant MIMS by the heavy ion 
impacts as in the nanoparticle impact [13–15,17] can be another 
major factor for the observed x-ray yield enhancement.
In addition, there had been extensive theoretical and experi-
mental researches on intense K-shell satellites above the Kα line 
of various solids that were bombarded by heavy ions with kinetic 
energies on the order of 10 MeV [25]. In the researches, the K-shell 
satellites were interpreted to result from radiative decays of atoms 
with multiple holes, one of which is in the K-shell and others in 
the L-shell [25]. Striking differences between the satellite spectra 
obtained with light ions, such as electrons and protons, and the 
spectra with heavy ions were discovered [25]. In addition to the 
intensity difference, the x-ray spectra obtained with heavy ions 
showed many more peaks with multiple L-shell holes than those 
with light ions. The x-ray energies of the satellites were consis-
tent with those obtained by the ab-initio calculations based on the 
atomic model x-ray emissions that involve varying number of L-
shell holes. However, the satellite data for larger number of L-shell 
holes signiﬁcantly deviated from the calculation results [25].
The ground state of rare gas atom dimers is electronically non-
binding, but if their closed outershell electrons are excited, dimers 
can readily form transient bound molecules, excimers. For example, 
the ground He2 state (1sσg21sσu2: X1Σg+) is electronically repul-
sive, but excitation of an electron can lead to Rydberg states (for 
example, the metastable, 1sσg21sσu2sσg : a3Σu+) with the He2+
core [26]. The low-lying metastable excited states of the dimer 
(the He2 excimer) are strongly covalently bound. The metastable 
excimer can radiate to the free repulsive ground state.
The excimer formation is a critical step in energy-eﬃcient con-
version of the atomic electron excitation/ionization energy into the 
radiation energy in rare gas plasma for the excimer lasers. With-
out forming the excimers, the energy of the excited atoms would 
be rapidly lost by non-radiative collisional decay processes in the 
high pressure environment. In other words, the excimer formation 
is a crucial step needed for eﬃcient transformation of the atomic 
excitation energy to the radiation energy in an ultra-high pressure 
environment. Analogously, the MIMS formation is a crucial step 
required for eﬃciently transforming the atomic core-excitation en-
ergy into the radiation energy [18].
Based on the MIMS model [15,17,18], a schematic potential 
curve was proposed for the K-shell MIMS (K-MIMS) and illustrated 
in Fig. 1. The exact shape and the energy level of the potential 
curve have to be determined by rigorous ab initio quantum cal-
culations; thus the illustrative potential curve is only intended to 
provide an insight on the genesis and evolution of the excimer 
Model for the MIMS.
Fig. 1 schematically illustrates that in the “electronically-cold” 
highly compressed plasma, a K-shell core ion with a hole, [K1], 
collides with another core ion without a hole, [K0], to form 
a near-dissociative K-shell MIMS (K-MIMS) and its excess energy 
transforms into the vibration energy. Such a vibrationally hot 
K-MIMS in the plasma is denoted here by [[K1+K0]]. Subsequently, 
a Rydberg-like pseudo-L-shell forms around the K-MIMS core ions 
that are proposed to go through a rapid relaxation into the lowest 
vibrational state by ionizing a number of electrons in the pseudo-
L-shell [18]. The vibrationally cold K-MIMS without an L-shell hole 
is denoted by [K1K0L0]. The vibrational energy is quenched by ion-
izing the bound [K1K0L0] MIMS into a higher ionic state [K1K0Ln]
with n holes in the pseudo-L-shell, where 1 ≤ n ≤ 8. Because the n
holes can be distributed among 2s and 2p orbits, thus the max-
imum value of n is 8 [27]. The statistically distributed K-MIMS 
decays into the lower L-shell MIMS (L-MIMS), [K0K0L1], by emit-
ting an x-ray photon, and subsequently the L-MIMS dissociates into 
two atomic ions [18].
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diates into the L-shell MIMS (L-MIMS) by emitting a Kα satellite x-ray photon. 
The binding energy and the bond length are also schematically shown. Based on 
the proposed strong vibration–ionization interaction, the K-MIMS cooled down by 
“boiling-off” electrons, thus the ionization channel distribution full-width approxi-
mates the binding energy [18]. Note that the binding energy is about one order of 
magnitude smaller than the Kα satellite photon energy.
3. The Z2-dependency of the binding energy of K-MIMS
In this paper, based on the previously proposed MIMS model 
[15,17,18], a wide range of the K-MIMS binding energies were ex-
tracted from the extensive ranges of experimental data from He2∗
excimer to UAu∗ MIMS (for 2 ≤ Z ≤ 92). Fig. 2 shows these data 
plotted against the constituent atom atomic number Z . The low-
est bound state (a3Σu+) of He2∗ excimer has a binding energy of 
1.96 eV [28], which is plotted in Fig. 2.
In the previous paper [18], the initial vibrational energy of the 
MIMS formation was proposed to transform into ionization energy 
of the Rydberg-like pseudo-L-shell. The vibration–ionization cou-
pling was proposed to be mediated by phonons. The local thermal 
equilibrium between the phonons and ionization channels is mod-
eled with the Saha equation [29] that provides the temperature. 
From the temperature, the binding energies of the K-shell MIMS of 
Al [30], Si [25], Ca [31], Sc [32], and Ti [32] were determined to be 
84, 90, 192, 168 and 162 eV, which are in good agreement with 
the binding energies estimated independently from the difference 
between the Kα energies and the high end cut-off energies (i.e.
the full widths) of the satellite distributions [18]. The agreement 
further conﬁrmed the validity of the MIMS model [18]. These data 
are plotted against Z in Fig. 2.
Two distinctive K-shell satellite channels (B and C lines in 
Ref. [33]) that involve innershell excitation were observed above 
the Kα line in 50 keV Ar+ impact on a Be target. In this case, 
Ar+ ions are expected to create a shocked region that formed 
the Be2∗ K-MIMS. The difference of ∼10 eV between the line B
(E = 118.3 eV) and the Kα (108.5 eV) band was set to be the full 
width of the K-shell satellite distribution, thus the approximate K-
MIMS binding energy, which is plotted in Fig. 2 accordingly.
In many experimental works quoted and analyzed here, the 
x-ray spectrometers did not have enough resolution to resolve the 
ﬁne details of K-shell satellite. For these cases, the MIMS model 
[18] predicts two possible effects of K-MIMS satellites on the over-
all Kα x-ray spectra:Fig. 2. K-shell MIMS (K-MIMS) binding energies obtained from various experimen-
tal data including those in Ref. [18]. The overall data trend shows a Z2 dependency. 
Compared with the Ca data [31], the Sc and Ti data [32] had poorer ﬁtting to the 
theoretical curve for treating the vibrational–ionization process. This may be the 
reason for the deviation of Sc and Ti data from the Z2 dependency curve. Note 
that the binding energies are about one order of magnitude smaller than the corre-
sponding K-shell satellite x-ray energies, which follow the (Z − 1)2 dependency of 
the Moseley’s law. The Be data are from Ref. [33] and U and Bi data from Ref. [34].
1. The K-MIMS ionization channels, the satellites, are located 
above the Kα line, thus the apparent Kα line appears to be 
signiﬁcantly blue shifted.
2. The apparent Kα line appears to be signiﬁcantly broadened.
In such cases, the full width of the K-shell satellites can approx-
imate the binding energy of K-MIMS.
For example, recently extensive researches have been per-
formed on the K-shell x-ray generation by impacting U and Bi 
ions as a function of charge states up to that of H-like ions with 
one K-shell vacancy at an energy of ∼69 MeV/amu on Au tar-
gets [34]. An energy of 69 MeV/amu was chosen because the 
impact velocity is just low enough to be considered as slow com-
pared to the Au K-shell orbital velocity to promote the formation 
of quasimolecules [34]. Orders of magnitude increase in the Kα
x-ray production was observed when the number of charges of 
the U ion was increased to 91 from the lower values. This obser-
vation was interpreted to be consistent with the picture that the 
U ion with only one K-shell electron can readily form the quasi-
molecule with a Au atomic K-shell core. The Kα spectra showed 
signiﬁcant apparent shift in the peak energy to the higher en-
ergy and broadening of the width in agreement with the above 
mentioned prediction based on the MIMS model; the shift and 
broadening resulted from the formation of K-MIMS satellites in 
distributed ionization channels [18]. The full widths of the K-shell 
projectile spectra for U91+ and Bi82+ [34] thus are interpreted to 
be the approximate binding energies of the K-MIMS and plotted 
in Fig. 2. Because Au has the atomic number of 79, the collisions 
involving these ions and the target atom are near symmetric, and 
the representative Z ’s of these collision partners (or K-MIMS) were 
approximated by (Zp + Zt)/2, where Zp is the atomic number of 
the projectile ion and Zt is that of the target ion.
The binding energy data from He2∗ to UAu∗ K-MIMS (2 ≤ Z ≤
92) obtained from the above mentioned experimental data [34]
could be ﬁt with a Z2 curve as shown in Fig. 2. Overall ﬁtting 
is excellent, thus indicates that the K-MIMS can be modeled with 
a He2∗-like excimer with core K-shell ions with an atomic num-
ber Z to the ﬁrst order. Note that the binding energy of K-MIMS 
is much smaller than the energy of its characteristic K-shell x-ray 
satellites. For example, for the UAu∗ MIMS formed with U91+ as 
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K-shell satellite x-ray energy is similar to that of UKα, which is on 
the order of 98 keV (for Kα1). On the other hand, the binding en-
ergy of the UAu∗ MIMS is estimated to be on the order of 4 keV, 
which is about 25 times smaller than its characteristic x-ray en-
ergy. The ratio of the binding energy to the K-shell satellite energy 
for He2∗ is about 10. Therefore, the ratio changes very slowly from 
10 to 25 for 2 ≤ Z ≤ 92, and the slow change implies the existence 
of a homologous molecular structure for the K-MIMS, which scales 
primarily with Z .
An intuitive analytical theory has been developed and is pre-
sented here to illuminate the universal Z -dependent behavior of 
K-MIMS. In this theory, the homologous molecular characteristics 
of K-MIMS is proposed to be primarily determined by the 1sσg2
bonding molecular orbit of the homologous core molecular ion 
under the assumption that other effects of surrounding electrons 
and atoms can be considered as a minor perturbation. The the-
ory neglects the higher orbit effects for simplicity. In this case, the 
K-MIMS core ion can be approximated with a Schroedinger equa-
tion with two electrons (1 and 2) and two nuclei (A and B) with 
a same charge Z for two ﬁxed nuclei in the atomic unit [35]:
HeΨ = εZ (R)Ψ, (1)
where
He = −1
2
1 − 1
2
2 − Z
rA1
− Z
rA2
− Z
rB1
− Z
rB2
+ 1
r12
(2)
and
Z (R) = E Z (R) − Z
2
R
. (3)
Here, E Z (R) is the total energy, εZ (R) is the electronic energy of 
electrons 1 and 2, rA1, rA2, rB1 and rB2 are the distances of the 
electrons 1 and 2 from the nuclei A and B , and R is the internu-
clear distance. To extract the Z dependent scaling law, the above 
parameters are transformed into ri j = 	i jZ , where i = A, B or 1, and 
j = 1 or 2, R = LZ , λ = 1Z , and ′j =  jZ2 . Here ρi j , λ and L are 
assumed to be slowly varying functions of Z .
Such a scaling transforms Eq. (1) to a hydrogen molecule-like 
Schroedinger equation:(
−1
2
′1 − 1
2
′2 − 1
ρA1
− 1
ρA2
− 1
ρB1
− 1
ρB2
+ λ
ρ12
)
ϕ
= ε(λ, L)ϕ, (4)
where
ε(λ, L) = εZ (R)
Z2
. (5)
By combining Eqs. (3) and (5), the total energy E Z (R) is given by
E Z (R) =
(
ε(λ, L) + 1
R
)
Z2. (6)
Therefore, if ε(λ, L) is a slowly varying function of Z and ε(λ, L) 
1/R , we have
E Z (R) ∝ Z2. (7)
In this case, the binding energy of MIMS is proportional to Z2 as 
in Fig. 2. An excellent curve ﬁtting result of Z2 dependence of the 
binding energies of the experimental data is consistent with the 
hypothesis that ε(λ, L) is indeed a slowly varying function of Z
and ε(λ, L)  1/R . The Z scaling theory now further predicts the 
scaling law of the bond length of K-MIMS, which is provided in the 
following section.Fig. 3. The bond length predicted by the present K-MIMS theory. A 1/Z depen-
dency curve extrapolated from the bond length data of the He2∗(a3Σu+) excimer 
state [28] is shown as a solid line. The two data points near Z ∼ 85 are the K–K 
sharing distances of U ion impact on Au and Bi ion impact on Au [34], which were 
estimated from the enhanced x-ray cross-sections. The Z values were approximated 
by the (Zp + Zt )/2, where Zp is the atomic number of the projectile ion and Zt is 
that of the target atom.
4. The 1/Z -dependency of the bond length of K-MIMS
The quantum characteristics of excimer can be described by a 
stable core molecular ion surrounded by Rydberg-like electron or-
bits. The lowest metastable electronic state of He2∗ (a3Σu+) is 
1sσg21sσu2sσg , thus the proposed K-MIMS model should have a 
similar molecular orbital. In this case the bonding of K-MIMS is ex-
pected to be primarily dominated by the 1sσg2 orbital. Intuitively, 
the 1sσg2 orbital can be approximated in the frame of the LCAO 
model by a linear combination of the two 1s atomic orbitals, of 
which size is proportional to 1/Z . Therefore, the K-MIMS size, thus 
the bond length, is predicted to be proportional to 1/Z .
More speciﬁcally, the equilibrium nuclear distance, the bond 
length, can be obtained by differentiating Eq. (6) by R , and ﬁnding 
the root of the equation, R0, which is given by:
∂E Z (R)
∂R
∣∣∣∣
R0
= 0. (8)
R0 thus is expected to be approximately given by
R0 = L0
Z
. (9)
Assuming L0 is the slowly varying function of Z , we now have:
R0 ∝ 1
Z
. (10)
Therefore, to the ﬁrst order the K-MIMS bond length is predicted 
to be proportional to 1/Z . Fig. 3 shows the predicted K-MIMS bond 
length as a function of the constituent atom atomic number, Z . The 
bond length of He2∗ (a3Σu+) is ∼1.05 A [28], and the solid line 
represents a 1/Z curve that is extrapolated from the bond length 
of He2∗ (a3Σu+).
Currently, there is no other direct experimental data or theo-
retical results on the bond length of the K-MIMS. However, in the 
recent work by Verma [34], the sizes of quasimolecules were esti-
mated from the x-ray cross-section enhancement of both projectile 
x-rays and target x-rays in H-like ion impact, which was presented 
in the previous section. The enhancement was interpreted to re-
sult from an extensive K–K electron sharing (transition of a hole) 
between the projectile and target ions due to the quasimolecule ef-
fect during the collision. Based on the K-MIMS theory as illustrated 
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bond length. The two data points are the K–K sharing distances of 
U91+ ion impact on Au and Bi82+ ion impact on Au, which were 
estimated from the cross sections [34]. The Z values were approx-
imated by the (Zp + Zt)/2, where Zp is the atomic number of the 
projectile ion and Zt is that of the target atom. The predicted 1/Z
curve is in excellent agreement with these data points as shown 
in Fig. 3.
5. Discussions
The successful application of the MIMS model [15,17,18] to the 
existing K-shell satellite data conﬁrms that all the atoms in the 
periodic table and their combinations are subjected to the MIMS 
formation. In particular, the discovered Z2-dependence of the com-
plied data by several different groups from He2∗ to UAu∗ K-MIMS 
for 2 ≤ Z ≤ 92 is striking, and implies underlying simplicity of 
the physics of K-MIMS. The intuitive analytical theory to elucidate 
the underlying universal Z -dependency laws of the binding energy 
and bond length was presented here. The theory revealed that a 
K-MIMS molecular structure homologous to He2∗ , which can be 
scaled mainly with Z . Overall, with the new scaling law, the bond 
length of any K-MIMS is predicted to follow the 1/Z dependency 
law, however, the law has to be further conﬁrmed with more ex-
perimental data, besides the BiAu∗ and UAu∗ data [34].
The previous papers by the author [15,17,18] presented the 
MIMS model that elucidated the anomalous x-ray generation phe-
nomena in lower energy/amu collisions with nanoparticles and 
heavy ions. In such cases, the MIMS are formed in a static com-
pressed environment. In contrast, the data for the BiAu∗ and UAu∗
K-MIMS should involve much more dynamic environments [34]. 
The author proposes below the conceptual mechanism of the K-
MIMS formation in such dynamic collision processes based on the 
extended MIMS model [18].
A schematic illustration of the proposed ﬁve stages of the MIMS 
formation and x-ray generation process in the relativistic H-like 
ion collision [34] is presented in Fig. 4. In this model, the quan-
tum mechanical transitions of electrons are assumed to be much 
faster than the projectile ion traverse time near the target atom 
ion core [21]. In Stage I, the highly charged projectile ion pene-
trates into the solid target and approaches the K-shell of the target 
atom. In Stage II, the passing projectile core ion interacts with the 
target core ion to form a vibrationally-hot K-shell MIMS (K-MIMS) 
with a Rydberg-like pseudo-L-Shell structure [18]. In Stage III, the 
vibrationally-hot K-MIMS cools down by ionizing (“boiling-off”) a 
number of pseudo-L-shell electrons via a statistical process [18]. 
This vibrational–ionization process creates a number of ionization 
channels [K1K0Ln], where 1 ≤ n ≤ 8, as shown in Fig. 1. In Stage IV, 
the vibrationally cooled down K-MIMS goes through optical decay 
by emitting an x-ray photon and dissociation of the K-MIMS core. 
Because the collision time is so short, it is assumed here that the 
core atomic ions retain their atomic characteristics during the col-
lision to the ﬁrst order, unlike in the static environment generated 
by the shock compression [18]. There are two possible outgoing 
collision channels before the radiation process. For Case (a), in 
which the impact parameter is relatively large, the hole in the pro-
jectile ion stays and the radiation results from the ﬁlling of the 
projectile hole, thus, the overall projectile K-shell satellite spectra 
would be Doppler-shifted. Another possibility (Case (b)) is that the 
hole transfers from the projectile core ion to the target core ion, in 
which the impact parameter is smaller than that for the previous 
case. In this case the optical decay would emit the Kα satellites 
of the target and the spectra would not be Doppler-shifted. The 
data by Verma [34] agree with these predictions. The x-ray spec-
tra of such processes have a distribution of satellite peaks that 
resulted from the ionization channels [K1K0Ln], where 1 ≤ n ≤ 8. Fig. 4. Schematic illustration of the proposed ﬁve stages of the K-MIMS formation 
and x-ray generation process in the impact of H-like relativistic ions on a target. 
Stage I: Passage of the projectile ion into the solid target near the K-shell of the 
target atom. Stage II: Formation of a vibrationally-hot K-shell MIMS (K-MIMS) with 
a Rydberg-like pseudo-L-Shell structure. Stage III: Cooling down of the K-MIMS by 
ionizing (“boiling-off”) a number of pseudo-L-shell electrons resulting in a statis-
tically distributed ionization-channels [18]. Stage IV: Optical decay of K-MIMS by 
emitting an x-ray photon and dissociation of the K-MIMS core. (a): With the large 
impact parameter, the hole in the projectile stays. (b): For the smaller impact pa-
rameter, the hole of the projectile core ion transfers to the target core ion. The x-ray 
spectra have multiple satellite peaks above the Kα line. If the hole stays in the pro-
jectile ion as illustrated here in Case (a), the overall x-ray spectra from the K-MIMS 
would be Doppler-shifted. Stage V: Departure of the highly charged relativistic pro-
jectile ions with a ﬁlled K-shell from the target atom with a number of holes in the 
L-shells.
If the x-ray spectrometer does not have enough resolution to re-
solve these peaks, the whole Kα peak would appear to be shifted 
to the higher energy and broadened. Moreover, the projectile x-ray 
peak would be broader than that by targets, because the former 
has larger impact parameters that may induce shape resonance like 
effects that involve higher angular momentum in collision process. 
The data of BiAu∗ and UAu∗ shown in Fig. 3 resulted from the 
full widths of the projectile x-ray spectra, which are proposed to 
provide the upper limits on the bond length. More details on this 
aspect is beyond the scope of the present paper and will be pub-
lished elsewhere. In Stage V, the projectile ion with a ﬁlled K-shell 
leaves from the target atom ion core without losing its kinetic en-
ergy signiﬁcantly.
The proposed K-MIMS formation suggests many interesting as-
pects of the K-MIMS genesis and evolution in relativistic heavy 
ion collisions. For instance, based on the present MIMS model, the 
UAu∗ bond length is on the order of 2 ×10−12 m, and in the above 
mentioned experiments [34], the U91+ ion traverses at a velocity 
on the order of 108 m/s, thus the MIMS interaction time is on the 
order of 2 ×10−20 s. It is very remarkable that during such a short 
time, molecular electronic and radiative transition happen in the 
K-MIMS system. The detailed understanding of these ultra-fast re-
actions would require high-level relativistic quantum calculations.
6. Conclusions
In the previous papers [15,17,18], the rare-gas excimer-like 
model of MIMS has successfully illuminated a wide range of 
anomalous x-ray generation phenomena in impact of particles 
from nanoparticles to heavy ions. In particular, the initial vibra-
tional energy of the MIMS formation is proposed to transform into 
ionization energy of the Rydberg-like pseudo-L-shell, which is me-
diated by phonons [18]. The local thermal equilibrium between 
the phonons and ionization channels is modeled with the Saha 
Y.K. Bae / Physics Letters A 380 (2016) 1178–1183 1183equation [29] that provides the temperature of the K-MIMS heat 
bath. From the temperature, the binding energies of the K-MIMS 
of Al through Ti were determined to be 84–192 eV, which are 
in good agreement with the binding energies estimated indepen-
dently from the difference between the Kα energies and the high 
end cut-off energies (i.e. full widths) of the satellite distributions 
[22,25].
The present paper reports the discovery of a universal law 
(Z2-dependency) of the K-MIMS binding energy that was estab-
lished by analyzing extensive existing experimental data. The dis-
covered Z -dependent law for the K-MIMS binding energy implies 
the existence of an underlying universal physics for the K-MIMS 
phenomena. An intuitive theory was developed and is presented 
here to elucidate the Z2-dependent behavior of the binding energy. 
The K-MIMS theory predicted a 1/Z dependency law for the bond 
length of K-MIMS. The predicted law on the MIMS bond length 
is in excellent agreement with the quasimolecule sizes estimated 
from the recent K–K sharing cross-sections of the anomalous x-ray 
generation in relativistic Bi82+ and U91+ impact on Au targets, 
which were orders of magnitude larger than the cross-sections of 
Bim+ and Un+ with m ≤ 81 and n ≤ 90 [34].
The successful extension of the MIMS model to a wide range 
of K-MIMS phenomena [15,17,18], and the discovery of the univer-
sal Z -dependent behavior of the K-MIMS conﬁrm that all elements 
and their combinations in the periodic table are subjected to the 
MIMS formation. The photons that can be generated with MIMS 
can cover from VUV to hard x-ray: equivalent photon energies from 
tens of eV to 100 keV, thus the MIMS phenomena are predicted 
to impact a wide range of scientiﬁc ﬁelds from fusion science to 
astrophysics. When the “electronically-cold” highly compressed re-
gions can be eﬃciently generated as in the nanoparticle impact 
for creating abundant MIMS, the MIMS radiation mechanism can 
be exploited for the highly energy eﬃcient generation of unprece-
dentedly intense x-rays that are presently beyond the reach of the 
state-of-the-art x-ray generation technologies. In sum, the MIMS 
model and its energy-eﬃcient generation methods potentially open 
new scientiﬁc ﬁelds: High Energy Molecular Physics and Chemistry, 
as well as provide a pathway to practical utilization of high inten-
sity x-ray beams for a wide range of innovative applications.
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